Luminex bead array assays are widely used for rapid biomarker quantification due to the ability to measure up to 100 unique analytes in a single well of a 96-well plate. There has been, however, no comprehensive analysis of variables impacting assay performance, nor development of a standardized proficiency testing program for laboratories performing these assays. To meet this need, the NIH/NIAID and the Cancer Immunotherapy Consortium of the Cancer Research Institute collaborated to develop and implement a Luminex assay proficiency testing program as part of the NIH/NIAID-sponsored External Quality Assurance Program Oversight Laboratory (EQAPOL) at Duke University. The program currently monitors 25 domestic and international sites with two external proficiency panels per year. Each panel includes a de-identified commercial Luminex assay kit with standards to quantify human IFNγ, TNFα, IL-6, IL-10 and IL-2, and a series of recombinant cytokine-spiked human serum samples. All aspects of panel development, testing and shipping are performed under GCLP by EQAPOL support teams. Following development testing, a comprehensive site proficiency scoring system comprised of timeliness, protocol adherence, accuracy and precision was implemented. The overall mean proficiency score across three rounds of testing has remained stable (EP3: 76%, EP4: 75%, EP5: 77%); however, a more detailed analysis of site reported results indicates a significant improvement of intra-(within) and inter-(between) site variation, suggesting that training and remediation for poor performing sites may be having a positive impact on proficiency. Through continued proficiency testing, identification of variables affecting Luminex assay outcomes will strengthen efforts to bring standardization to the field.
Introduction
Enzyme-linked immuno-assays have revolutionized our ability to rapidly quantify critical biological mediators such as cytokines, chemokines, hormones, and signal transduction proteins. Traditionally, these assays are performed in 96-well plates using an enzyme-linked monoclonal antibody to cleave a substrate and produce a color change. Although these assays are quite powerful, they have been limited to one dimensiondetection of a single analyte per well (50-100 μL sample). With the creation of 100 color-coded fluorescent bead sets by Luminex, each of which can be conjugated with a unique specific reactant (antibody, substrate, etc.) , biomarker analysis can now be done with a multiplex approach.
Custom-made or commercially available Luminex bead array assays can be partnered with Luminex bead readers, data analysis software, and instrument validation/calibration kits to generate comprehensive immune monitoring and discovery technology. The power of this system is that up to 100 unique analytes can be quantified in a single well of a 96-well plate (25-50 μL of sample). The automated dual laser or CCD camera flow-based array reader identifies each analyte based on a unique fluorescent bead signature and quantifies fluorescence intensity of the reporter associated with that bead set. This multiplex approach to biomarker analysis has become widely used over the last decade for low-to high-throughput analysis of small volume samples. This assay platform has a broad range of applications, with commercial and lab-developed Luminex-based assays (e.g., mouse, rat, human and non-human primate cytokine panels) being used in basic science discovery, pre-clinical/translational and clinical trial immune monitoring laboratories.
Despite the high-level of integration of Luminex beadbased multiplex assays in pre-clinical and clinical research applications over the past 10 years, there has been no comprehensive analysis of the variables that impact assay performance, nor a national or international proficiency testing program for laboratories performing Luminex-based assays. Efforts to identify inter-laboratory variables which impact assay performance have been a long-standing effort within the Cancer Immunotherapy Consortium (CIC) and NIAID/NIH immune monitoring programs, and have led to implementation of assay harmonization, and optimization across a number of immune assay platforms (van der Burg et al., 2011) as well as development of proficiency testing programs (Jaimes et al., 2011) . Luminex assays in particular are complex and subject to variability due to such factors as assay manufacturer and lot number, kit components, antibody pairs/clones, analyte standards, assay execution, instrumentation and data analysis/interpretation (Khan et al., 2004; Djoba Siawaya et al., 2008; Nechansky et al., 2008; Butterfield et al., 2011; Scott et al., 2011) . To address these issues, a collaborative effort between the NIH/NIAID and the CIC of the Cancer Research Institute (CRI) was initiated to specifically assess outcome variation of Luminex bead-based cytokine assays performed in immune monitoring laboratories around the world and to develop an external quality assurance (EQA) program to monitor on-going laboratory performance.
The two-pronged mission of this joint NIAID/CIC Luminex proficiency initiative is to 1) identify variables that significantly impact outcomes of Luminex-based assays; and 2) establish a routine proficiency testing program for this assay platform to facilitate assay quality improvement and harmonization among participating laboratory sites. A central oversight laboratory is critical for achieving the later point. The focus of this manuscript is on the development and implementation of an international EQA program for Luminex bead-based cytokine assays.
Program development
As a first-step in developing a Luminex EQA program, the NIH/NIAID-sponsored External Quality Assurance Program Oversight Laboratory (EQAPOL) at Duke University developed and implemented a data gathering survey in December 2010. The survey was developed based on draft questions from the Steering Committee and run electronically through a web survey tool. Survey participants were national and international laboratories identified by NIAID and CIC representatives as performing Luminex assays for single or multi-center NIAID-or CIC-supported trials. Topics covered in the survey included the following: instrumentation (plate washers/bead readers), software (acquisition/analysis), desired assay format (polystyrene/magnetic), commercial kit vendor experience, analyte experience, and sample type/matrix experience. Survey results were then used by EQAPOL and the Steering Committee to inform EQA program development.
Participant contact information and survey responses per site were used to populate the EQAPOL Luminex EQA program database.
The initial mandate from the Luminex Steering Committee and NIAID/CIC for the EQAPOL Luminex program was to develop and implement an international Luminex EQA program that would determine laboratory accuracy and precision when given a standard protocol, reagents, and samples. The overall statistical approach to this consisted of the development of a model-based method to assess laboratory performance (i.e. score). A more comprehensive presentation of the statistical methods and models used to determine site reported accuracy to a consensus mean and precision are described in Rountree et al. (2014) in this issue. The results of these statistical analyses, coupled with questionnaire responses, are the basis of proficiency evaluation.
EQA platform and panel design
It was determined that Luminex EQA testing would occur at least twice a year and that a commercial vendor would be solicited to produce a custom 5-plex kit to detect human cytokines: IFN-γ, TNF-α, IL-6, IL-10 and IL-2. These five analytes were selected based on survey results that indicated that they were the five most highly quantified serum analytes by participating sites. The kit would use the polystyrene Luminex bead platform, incorporate a 5-analyte pooled lyophilized standard, and be run in a single 96-well filter plate. The choice of polystyrene bead-based kits was due to the fact that the majority of sites did not have the capability for, or experience with, running magnetic bead-based kits at the time of the survey. It is important to note that commercial kits would be de-identified to avoid vendor bias and to avoid the perception that this program was a vendor comparison study or would lead to vendor endorsement by the NIAID/CIC. In the development phase of the EQA, all sites would be required to use the provided kit and follow a common protocol. The decision to require all sites to use the same kit and protocol during initial rounds of testing, allowed for standardization of all site assay platforms and facilitated identification of site-specific variables. Future EQA phases will allow sites to run kits/assays of their choice as a way to gauge routine assay performance in a laboratory.
Each external proficiency panel (EP), would include test samples (human serum, pre-diluted recombinant cytokine standards or human PBMC culture supernatant) prepared by a central laboratory compliant with Good Clinical Laboratory Practices (GCLP). In addition to the assay kit, participating sites would receive three coded replicates of each test sample and be asked to run each of these in triplicate in the assay plate, thereby running nine replicates of each test sample.
Lastly, sites would be assigned a due date by which to provide their final determined pg/mL for each analyte in each sample (Site Reported) and their raw mean fluorescence intensity (MFI) readings for centralized data analysis (EOL-analysis; EQAPOL Oversight Laboratory). In addition, sites would be asked to complete a short questionnaire to provide supporting information regarding instrument and assay performance, problems encountered, and data analysis approaches.
Reagents and assay kits
EQAPOL and the Steering Committee identified a vendor to produce bulk Luminex kits to quantify the five identified human analytes. The Steering Committee decided on the vendor for the initial phases of EQAPOL Luminex EQA based on input from participating sites regarding vendor preferences, followed by evaluation of quality control practices and documents for the top two site-identified vendors.
The EQAPOL Repository team procures all reagents/kits and records all relevant information (quantity, location, lot number, expiration date, QA documents etc.) into the repository module of the EQAPOL web-based application. The assay kit components are de-identified and re-labeled with unique EQAPOL labels. In collaboration with the Luminex EOL, the EQAPOL Repository team also prepares large quantities of test samples for Luminex EQA EPs. Human AB serum test samples are artificially created with known levels of the five target human cytokines using third-party recombinant cytokines. Spike concentrations are purposely selected to span the assay's detectable range of analytes (pg/mL). Mitogen-stimulated human PBMC culture supernatants were also generated as test samples, but phased out after EP1 (see below). Similarly, aliquots of pre-diluted recombinant cytokine standards were prepared as test samples, but phased out after EP2 (see below).
Sample inventory, unique ID, lot number, QA documents, etc. are loaded into the inventory module of the EQAPOL web-based application. Sample stability at − 80°C has been monitored in selected samples over time by the Luminex EOL.
Support for proficiency testing
Continued evolution of the Luminex proficiency tests is informed by input and guidance from the NIAID/CIC Luminex Steering Committee and the overall EQAPOL Scientific Advisory Board. Each round of testing is supported by an EQAPOL infrastructure that includes teams for the following: overall administration and compliance, program management/scheduling, biosafety, biostatistics, quality assurance, and information technology (Fig. 1) . Samples for each proficiency panel are produced, tested, and stored under GCLP conditions in the EQAPOL Repository (T. Denny) and the EQAPOL Luminex Oversight Laboratory (EOL; G. D. Sempowski). The expert guidance of the EQAPOL-Central Quality Assurance Unit (CQAU) (see Todd et al., 2013) was critical for establishment of GCLP for all Luminex EQA activities/processes and continues to monitor compliance.
Participating site requirements
Requirements for site participation in the EQAPOL Luminex EQA are as follows: 1) have access to Luminex instrumentation, have prior experience with platform; 2) agree to run a universal kit within two to four weeks of receiving materials; 3) submit all requested data/questionnaires to EQAPOL by EP due date; and 4) be recommended or approved by NIAID or CIC representatives on the Luminex Steering Committee. There is no cost for participation in the current NIAID-sponsored EQAPOL Luminex EQA program. All national and international laboratories that participated in the initial survey study were invited to enroll in the Luminex EQA program. At present the program is monitoring 25 sites that represent the North America, Europe, Africa, and Asia (Fig. 2) . Participating sites represent a spectrum from basic research laboratories to immune monitoring core to biotech/ pharmaceutical companies.
Biannual proficiency panel and send-out
In collaboration with EQAPOL program management, each EP concept is formally developed into a comprehensive study plan. Study plans are reviewed and approved by EQAPOL leadership and the EQAPOL CQAU, and contain an overview of EP organization/management, list of participating sites, proficiency panel design (kit and samples), assay details, data submission process, confidentiality protections, statistical analysis plan, and result reporting process.
Attachments to the study plan are a list of selected samples from the repository, a randomized plate layout, a confidential data key for the web-application to link coded assay results to sample identifiers in the database, a detailed kit-specific assay protocol, data submission templates, and EP orientation/training materials. EPs are designed so that there is always at least a subset of samples that are common to the previous EP to allow for tracking of EP-to-EP performance. All EP materials are pre-tested in the Luminex EOL on at least one Luminex reader to confirm protocol validity and assay kit performance, and to ensure that test samples perform within tolerance ranges with respect to observed pg/mL of each target analyte. It is important to note that EQAPOL overall has taken the position that the central laboratories are not the gold-standard reference for each testing panel (see Rountree et al., 2014 "Statistical Methods for the Assessment of EQAPOL Proficiency Testing: ELISpot, Luminex, and Flow Cytometry"). For each EP, pre-test assay results from the Luminex EOL are uploaded along with all participating site data to establish a consensus observed mean pg/mL for each analyte in each test sample.
EQAPOL program management sets the EP send-out schedule, alerts all participating sites, and schedules EPspecific orientation and training teleconferences. Each EP send-out for the Luminex EQA consists of a wet ice (assay kit, protocol and plate) and a dry ice (test samples) shipments. Both shipments contain detailed shipping manifests and commercial invoices.
EP execution has been substantially enhanced by the development of the EQAPOL web application. For each EQAPOL EQA program the application maintains a comprehensive database of participating site contact and shipping information, sample, reagent and assay kit inventory, details of all completed, active and pending EPs, shipping records, results, proficiency scores, and remediation notes. For each EP send-out, the EQAPOL web application electronically sequesters EP kit reagents and test samples from inventory and alerts the EQAPOL Repository team to prepare shipments. In addition, the system notifies participating sites of their pending EP shipment. EP-specific instructions, documents, protocols, templates etc. are uploaded and made available via the application for easy retrieval by participating sites.
All wet ice shipments are monitored with an electronic temperature data logger that is sent back to EQAPOL upon package receipt. International dry ice shipments are replenished, if needed, by a specialized courier (i.e., World Courier). All sites are provided electronic copies of their manifests and FedEx/ Courier tracking numbers to facilitate package tracking. Upon package receipt, participating sites log in to the EQAPOL web application and indicate receipt of their shipments. Based on the date of receipt, the site's EP due date is assigned according to the timeline specifications in the EP study plan.
Data collection and analysis
The data submission process has evolved with development of the EQAPOL web application and central database.
In its simplest form all participating sites are required to provide three essential data sets: 1) a table of final observed pg/mL for each of the five selected analytes in each of the blinded samples; 2) a table of raw MFI values for each analyte in each plate well used in the given EP; and 3) response to a short online questionnaire regarding instrument set-up/QC, assay performance/curve limits, problems encountered, and data analysis approaches. According to Luminex Steering Committee suggestion, the EQAPOL EP protocol does not specify the acquisition or analysis software to be used, nor does it specify how best to establish curve fits or address outliers. These are assumed to be critical site-specific variables that may impact assay outcomes. In EPs 1 and 2, data sets were emailed back to the EQAPOL Program Management team for integration into the database by the EQAPOL Biostatistics group. With later enhancements to the secure EQAPOL web application, data from EPs 3, 4, and 5 were submitted using the web application. The submitted files are validated for data format and then imported into the database. The EP-specific questionnaire is also integrated into the results/data submission module of the web application. The power of this tool is that site result files and questionnaire answers are readily available to authorized members of the EQAPOL teams for analysis and scoring.
Proficiency evaluation (Scoring)
Four main criteria are being used to evaluate assay proficiency in the EQAPOL Luminex EQA program: timeliness, protocol adherence, accuracy to the consensus, and precision. These criteria are presented in Table 1 and further descriptions can be found below. Criteria are weighted such that there is a maximum of 100 points to be earned in a given EP, the majority (80 points) of which are allotted to accuracy and precision. Performance ranges of "excellent, good, fair and poor" are detailed in Table 1 . These standard ranges have been adopted by all EQAPOL EQA programs. The Points Earned Score and the Performance Ranges are to aid sites, EQAPOL, and sponsors in identifying areas of strength and weakness in site proficiency with respect to Luminex assay performance. Mock scoring was done for EP2, and actual proficiency scoring has been done since EP3.
Timeliness (10 points)
Sites are expected to complete an EP panel and provide valid data via our online web application by a specified due date, as detailed above. Invalid data (i.e., data in the wrong format) can significantly degrade analysis of both site-reported and centrally analyzed results. Failure to upload valid data and survey responses by the due date will result in loss of all proficiency points for timeliness.
Protocol adherence (10 points, split)
The ability of a laboratory to accurately set up their instrumentation, follow a specified protocol, and provide data in the correct format is essential to the success of this program and to proficiency of laboratories working in a multi-center consortium. Five Protocol Adherence points are awarded (all or none) for adherence of instrument set-up, plate layout, and assay procedures based on data file review and EP questionnaire responses. A specific plate layout is required for each EP panel so that all incoming data can be centrally analyzed, and all sites must follow a single standard protocol to ensure consistency among sites. Failure to comply with these expectations results in a deduction from an overall proficiency rating. Even minor protocol changes can result in point deductions.
Five additional points are awarded for standard curves that fall within the acceptable fit range with 1 point available for each of the five analyte curves. Site-reported MFI data and expected standard concentrations are used to generate EOL-derived standard curves for each analyte. A four-parameter logistic (4PL) function is fit in SAS 9.2 using Proc NLIN. Fit probability is calculated using the weighted sum of squared errors (SSE). The SSE follows a chi-square distribution with two degrees of freedom (number of curve points minus the number of parameters). A p-value is obtained to assess fit.
Accuracy to the consensus (40 points)
Accuracy to the EP consensus mean analyte concentration is assessed for site-reported pg/mL data to determine whether a site can accurately quantify the concentration of an analyte in a sample. Site-reported data is natural log-transformed for analysis, and a mixed effects model is used to estimate whether a site-reported concentration value is significantly different at the alpha 0.05 level from the other participating sites using a Bonferroni correction (Benjamini, 1995) . The number of evaluations (i.e., number of unique test samples multiplied by 5 analytes) of accuracy varies per EP, and therefore, the point value fluctuates to maintain the total 40 point weighting for accuracy.
Precision (40 points)
As previously noted, each blinded sample has nine replicates (three replicate wells per sample, three blinded replicates for each sample). As an estimate of precision, the upper bound of the 1 SD range around the mean for each sample and analyte is used to evaluate sites. Observations per site, per sample, per analyte that are above the established 1 SD range will result in point deductions. The number of evaluations (i.e., number of unique test samples multiplied by 5 analytes) of precision varies per EP, and therefore, the point value fluctuates to maintain the total 40 point weighting for precision.
Central analysis
To identify site-specific data analysis approaches that may be impacting accuracy or precision, all site-provided raw MFI data are centrally analyzed (EOL) using a standardized 4PL curve fit in SAS 9.2 with Proc NLIN. The resultant EOLgenerated observed pg/mL per sample, per analyte is used to calculate an EOL-accuracy and an EOL-precision (as above). These data are then used to determine an overall EOL-Score. This EOL-score is not used for proficiency rating. Rather, it is used internally by the EQAPOL Luminex team to assist with site remediation.
Reporting results to participating laboratories
All site proficiency scores, data analysis charts/tables and site-specific comments are uploaded into the EQAPOL web application/database. Comprehensive reports are automatically generated by the application as a PDF document incorporating site-specific scores and comments. Participating laboratories are notified when reports are available online. 2.7.7. Site performance remediation Sites that receive a rating of "fair" or "poor" are requested to have a one-hour remediation teleconference with the EQAPOL Luminex team to review performance and identify potential factors negatively affecting proficiency. Site submitted data, central EOL analysis, and post-run questionnaire responses are used by EQAPOL Luminex staff to investigate possible causes of low performance. Specifically, a comparison of submitted data and centrally-analyzed data can indicate a failure to incorporate the required sample dilution factor into analysis software. Decoding of the blinded site-submitted data can indicate errors in the sample order, either due to inaccurate plate loading or mishandling of data when preparing data templates for upload. Questionnaire responses provide information about instrument settings, technician experience, and technical difficulties faced while running the assay, all of which can impact performance. Any common problems identified during site remediation are emphasized in subsequent EP protocols and training materials. Overall, the most common barriers to success have been dilution factor omission, plate leaking/clogging, and failure to submit data on time.
Results

EP1
Twenty-five laboratories participated in EP1. All program participants received a de-identified custom 5-plex Luminexbead assay kit and two test samples containing known amounts of the five target cytokines (IFNγ, TNFα, IL-6, IL-10 and IL-2). One test sample was culture supernatant from PMA/ ionomycin-stimulated human PBMCs, and the other was human AB serum spiked with known concentrations of recombinant cytokines. These samples were created to contain high cytokine concentrations so that sample dilution would be required for analyte quantification using the Luminex assay. Sites also received pre-diluted assay standards provided in two matrices: serum and culture medium. The goals for this EP were straightforward: 1) work through the logistics of the send-out and ensure that all sites could efficiently receive intact, useable assay reagents and samples; 2) assess site capability in setting up an assay with pre-diluted standards; 3) assess site capability in generating a dilution series of test samples; and 4) determine distribution of reported pg/mL for the five analytes in the samples.
Some shipping delays due to international custom regulations were encountered in EP1, but these issues were easily resolved for future EPs. The Steering Committee was concerned that if a site was unable to perform a recombinant standard dilution series, then the entire assay would fail. Therefore, it was decided that in EP1 pre-diluted frozen aliquots of standards would be provided to the sites ready to use. This allowed all sites to have essentially identical standard curves for their analytes. To monitor the ability of the sites to generate a dilution series, they were asked to serially dilute the provided test samples. Curve fit analysis of these data revealed that all sites were able to generate a dilution series with acceptable curve fit probabilities (data not shown), so future EPs employed a lyophilized standard that would require reconstitution and serial dilution at each site (industry standard).
Analysis of the site reported pg/mL for both test samples (spiked-serum and culture supernatant) revealed a high level of variability in observed pg/mL (Fig. 3) . This was striking as all sites received the same kit, standards, samples and protocol. Furthermore, there was a distinct lack of overlap between site reported pg/mL and EQAPOL centrally calculated pg/mL. This later point suggested a lack of consistency among sites on how data analysis is performed to determine observed pg/mL.
As a follow-up to EP reports, teleconferences were held with the majority of sites to get feedback on the EP design and process. There was an overwhelming desire for the program to use only serum as the matrix/sample type, eliminate sample dilution, provide lyophilized standards, and provide more training on the assay protocol and data transfer process. A common reported problem with the polystyrene bead assay was plate leaking and/or clogging.
Luminex EP1 Sites
Luminex EP1 Sites 
EP2
EQAPOL Luminex EP2 focused on establishing a proficiency grading system to be used for future EP rounds. Luminex EQA program participants received a de-identified custom 5-plex Luminex-bead assay kit that included all necessary reagents to run the assay, lyophilized standards and 19 blinded test samples containing the five target cytokines at varying concentrations. The NIAID/CIC Luminex Steering committee and EQAPOL developed four main criteria to assess Luminex assay proficiency, as shown in Table 1 . These draft criteria and results from the 24 EP2 participating sites are detailed in Table 2 . These data provided descriptive analyses and a general impression of how sites compared to one another, and established a baseline data set for development of a point scheme by the EQAPOL statistical group (Table 1) . As described above, a weighted point system was developed for an overall assessment of site proficiency in performing Luminex bead-based cytokine assays. This schema was subsequently proposed to and ratified by the NIAID/ CIC Luminex Steering Committee and the EQAPOL Scientific Advisory Board for use in future EPs, as shown in Table 1 . (B) Between (inter-) site variation. C) Within (intra-) site variation. Box and whisker plots represent the 25th and 75th percentiles, the line represents the median and the end of the whiskers is drawn to the most extreme values. The dot represents the mean. Note: Two sites were excluded from this analysis, as they received zeros for failure to complete a shipped EP (LN = natural log-transformed). 
EP3, EP4, and EP5
EQAPOL Luminex EPs 3, 4, and 5 were run approximately six months apart and incorporated the comprehensive scoring schema for quantitative assessment of assay proficiency. Participating sites received proficiency testing panel kits and reagents as described above (Section 2). Although there were four samples that were the same in EPs 3, 4, and 5, new samples were included in EPs 4 and 5 that were not in EP3. Proficiency points earned for all participating sites in these three EPs are shown in Fig. 4A . The overall mean proficiency score has remained stable in the "good" range from EP3 to EP5. A more detailed analysis of the site reported results indicated that there has been a significant improvement in within (intra-) and between (inter-) site variation (i.e., reduction in variability) (Fig. 4B and C) .
Linear mixed effects models (Fitzmaurice et al., 2004) were used to assess the within-site and between-site variabilities over EPs 3, 4 and 5. There were 20 models run, one for each sample by analyte combination. These models included a random and repeated statement in Proc Mixed, which allows for direct estimation of between-site and within-site variances. These two variance components were appended into two separate data sets with 60 observations each (three EPs by 20 models). These variance estimates were then compared among the three EPs using a nonparametric test via Proc Rank and Proc GLM (Conover, 1980) in SAS 9.2. It was found that between-site variance for EP3 is significantly larger than that for EP5, but not significantly larger than that for EP4 (Fig. 4B) . It was also determined that within-site variance for EP3 is significantly larger than that of EP4 and EP5 (Fig. 4C ). There were no statistically significant differences in between-site or withinsite variance comparing EP4 and EP5.
A summary of site participation, scores, and remediation requirements is shown in Table 3 . Although lack of timeliness and/or protocol adherence sometimes negatively impact proficiency, the scoring rubric was designed so that a site will not fall below the "good" proficiency range if they have no problems with accuracy or precision. Therefore, areas for site remediation always include improvement of accuracy to the consensus and/or precision.
Sites performing poorly with respect to accuracy are typically struggling with lyophilized standard reconstitution and a general lack of familiarity with their post-run data analysis software, specifically the incorporation of sample dilution factors, bead region identifiers and expected concentrations of standards. Dilution factor problems are readily identified by the approach taken of comparing site-reported scores with EOL-derived scores. These errors are easily corrected and, in most cases, are not recurring problems.
The more challenging area for remediation is assay precision. The predominant site-suggested source of poor precision is leakage and clogging of the assay filter-plate (required for polystyrene bead platform). The EQAPOL EQA program is currently pilot-testing magnetic Luminex bead-based assay kits to determine if kit platform/vacuum washing is indeed a significant source of reduced precision (manuscript in preparation). Site technician turnover and lack of familiarity with the EQA assay have also been identified as correlates with poor precision. These later issues are addressed on a site-by-site basis with targeted training.
Overall summary
The NIH/NIAID-supported EQAPOL at Duke University has developed and launched the first international EQA/proficiency testing program for Luminex bead-based human cytokine assays. This is the result of a collaborative effort between the EQAPOL, NIH/NIAID and CIC and currently monitors 25 US domestic and international sites with two scored EP panels per year.
Comprehensive scoring based on timeliness, protocol adherence, accuracy, and precision is performed with mixed effects model-based statistics and allows for identification of sites in need of remediation. Approximately 41% of sites across the initial three rounds of scored testing have required remediation by the central laboratory. Overall mean proficiency scores across the three initial rounds have remained relatively stable at~75/100 points. A more detailed analysis of site reported results, however, indicated a significant improvement in within (intra-) and between (inter-) site variation, suggesting that remediation for poor performing sites and program training may be having a positive impact on assay proficiency or that sites are improving in assay proficiency through assay familiarity and protocol repetition. Poor and fair performing sites typically see point reductions across all four score categories, but the majority of reductions are seen in the area of precision.
Timeliness and protocol adherence are readily corrected with training and continue to be a focus in all EP orientation sessions. Accuracy to the consensus pg/mL for each analyte is typically improved with stricter protocol adherence, equipment calibration, and focused attention on site-performed data analysis. Assay precision is a more complicated parameter to remediate. The two sources of poor precision identified in this program are the filter plate/vacuum manifold and the laboratory technician performing the assay. The polystyrene bead platform has chronic plate leaking and clogging issues that appear to be impacting precision. A migration of the Luminex EQA to magnetic kits in the near future will alleviate this confounding issue due to elimination of filter plate use. Overall attention to proper and consistent laboratory techniques at each site will undoubtedly improve assay precision.
In conclusion, the overall goal of this program is to develop and use proficiency testing to identify variables affecting Luminex bead-based assay outcomes in the international community of immune monitoring laboratories. To our knowledge, this is the first proficiency testing program to be developed for the Luminex platform. As we look to future development for the program, our ultimate goal would be to have sites perform their own in-house assay as part of the proficiency testing scheme. In order to achieve this goal, we will need to identify ways to assess performance across different manufactures and kit lots. By continuing to build upon this program as we move towards this goal, we hope to play a critical role in improving harmonization for this platform.
